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RADBOLYSlS OF WATER 1N SEALED ALUMINUM CAPSULES - 

ITS PREDICTION AND INHIBITION 

by Dean W. Sheibley 

Lewis Research Center  

SUMMARY 

3 the This report presents the results of an investigation into methods of inhibitin, 

radiolysis of water in sealed aluminum capsules in the Plum Brook Reactor of XAS 4 
Experimental design techniques a re  employed to identify the measured effects t3i 

eight variables and their interactions which control water decomposition m d  the result- 
ant pressure buildup. Multiple regression analyses a re  used to develop predictive 

models for the pressure r ise  observed in an inpile capsule system. 
Redictive equations a re  derived for pressure r i se  due to the radiolysis oi vatel- 

with air as a cover gas or with helium cover gas containing air as an impurity or r i x -  
tures of hycirogen, oxygen, and nitrogen as impurities. 

&&ation induced reaction products of nitrogen and oxygen a r e  identified as the key 

to  ra&olysis behavior. The prevention of radiolysis depends on the exclusion of a 2  or 
midures  of nitrogen and oxygen from the system. 

Bure inert gases, helium, neon, and argon prove to be satisfactory radiolysis in- 

hibitors. This is demonstrated for helium by inpile tests  lasting up to 14 days (one 
reactor cycle) in the Plum Brook Reactor. 

INTRODUCTION 

At the Plum Brook Reactor, the use of water in sealed capsules has created opera- 
s ma- tional problems because of the pressure buildup within these capsules due to the fo: 

tion of hydrogen and oxygen gases from radiolysis. A search of the l i terahre  through 
1968 did not present a clear solution to this problem. Therefore, we decided to  perform 
an experiment to identify radiolysis inhibitors and develop predictive equations for the 

pressure buildup. 



This ireport describes the experiments, the data analysis, and the predictive models. 
:&en the probable cause of radiolysis is discussed and attributed to radiation induced 

r e a c t t o ~  products of nitrogen and oxygen. Finally, proof tests  with a pure helium cover 
gas as a radiolysis inhibitor a re  described. 

DESCRIPTION OF THE EXPERIMENT 

A caosule system was designed to simulate the aluminum "rabbitv' capsules which 

are used for many reactor irradiations. The capsule system consisted of a 6061-T6 
ah.xi~urn capsule with three delivery lines and two thermocouples. The capsule volume 
was 28 mil:!iliQers and the total system volume was 90 milliliters. System pressure and 
rvater temperature were recorded continuously. Gas composition was determined using 
gas chxom a,tography before and after irradiation. The design of the capsule system 
kardir/are (ref. 1) was predicated on the requirements of simplicity and flexibility of 
cpera-cisn. Design emphasis was placed on minimizing system volume and on accurate 
delivery and recovery of test solutions. The nuclear environment was a s  follows: 

2 [ ~ h ~ s  could produce a pressure r i se  rate of up to 9200 N/(m) (sec) (80 psi/kr) based on 
the Gvalues reported by Bebesel and Purica (ref. 2).] 

Seven variables were tested while the effects of other variables were held constant 
or  mi~irnized. The seven independent variables selected were the following: the water 
vol.uw-e; the partial pressures of hydrogen, oxygen, and nitrogen; the reactor power; 
p h t i n ~ m .  metal; and cadmium sulfate in solution. 

Hydrogen was selected because it is a proved radiolysis inkbitor. Oxygen and 
nitrogen are the major components of air and in a radiation environment a re  potentially 
reackave. Cadmium sulfate was used since it was the most promising soluble inhibitor 
faund in the literature (ref. 3).  And platinum metal is a catalyst for hydrogen and oxy- 

gen rreeombination reactions. The capsule water volume and the reactor power a re  

capsule system variables. 
T k e s  seven variables were controlled at several levels each. In addition, control 

rod motion in the reactor introduced a measured but noneontrolled eighth variable into 



the experiment. The effects of other variables such as water purity, the surface to 
volume ratio in the capsule, m d  gas generation from the aluminum-water reaction were 
minimized either by judicious design or by prior chemical treatment. 

Hn addition to the seven variables, we also evaluated separately the effects of :won, 

argon, and nitrous oxide. We did not test  the effects of krypton or xenon nor the effects 
of air impurity in neon and argon. 

Factorial experiment design techniques were selected for testing the large number 
of variables, Bowever, due to significant block effects, simple design techiques  were 
not adequate. Therefore, a special "double telescoping" blocked experimefit ddesrgn. 

techique was used for the experiment test program. This technique and the dê :a:Yed 

sht is t ica l  design have been previously described in references 4 and 5. 

DATA ANALYS 1s 

Figure B shows typical pressure-time behavior of experiment irradiations. The 

rate of pressure r i se  normally was linear to approximately 36 hours. The rate then 
decreased and gradually leveled off. Region A behavior is typical of cover gases of 

e s  of hydrogen, oxygen, and nitrogen in helium. Region B typifies 
behavior of pure helium, hydrogen, oxygen, or nitrogen alone, or mixtures of 11e!~u.m 
with oxygen, nitrogen, and hydrogen separately. 

We chose to predict pressure as a function of time: a linear rate of r ise  to 
36 hours, and nonlinear r ise beyond 36 hours. We analyzed the pressure-time data 

from all  test program treatments using a multiple linear regression analysis eornpcter 

program called RAPIER (ref. 6). A "backward rejection" option was used where terms 
of a predictive model determined insignificant by various statistical tests  a re  delebed 

 linear region 

I Nonlinear region I " I  

. - 

Time, h r  

Figure 1. - Typical pressure-time behavior. 



sequertially from the model until all terms remaining a r e  acceptable at some pre- 
selected level of significance. 

G J ~  goal was to derive predictive models for the follofing conditions: 
(1) Pure h e l i m  a s  a cover gas 
(2 Q Helium cover gas with a i r  impurity 
( 2 )  Helium cover gas with mixtures of hydrogen, oxygen, and nitrogen 
(4) Air or  mixtures of nitrogen and oxygen as the cover gas. 
The linear and nonlinear equations to predict pressure are ,  for irradiations up to 

36 kours,  

znd, $31- i r raaat ions  between 36 hours and 300 hours, 

where 

pt absolute pressure at time t, psia 

Po initial absolute pressure (range, 20 to 40 psia), psia 

" 0 constant term from regression analysis (amount by which the equation 

misses passing through Po) 

aI7 a2 a3 regression coefficients 

6. predicted linear rate of pressure r ise  up to 36 hr 

t length of irradiation 

'T!-aese ewations, which predict pressure in psia only, were based on &, the linear 
r a t e  of pressure r i se  up to 36 hours. The observed rate of pressure r i se  of experi- 

mental Prea,tments was calculated from a least squares f i t  of pressure-time data taken 
at * 9 - , ~ 1 0 ~  intervals from 4 to 36 hours. For each study, we derived equations to esti- 
mate & as a function of the independent variables, their higher degree terms,  and 
interaetlons, The polynomial equation used to predict & is of the form 

where the x's are  the independent variables, and the p's a r e  the coefficients to be 



TABLE I. - RANGES OF VARIABLES FOR VARIOUS 

EXPERIMENT PROGRAMS 

[~eac to r  control rod bank height, 40 to 60 cm (16 to 30 in. ); 
starting bank height for each irradiation indicated by 
blocked experiment design] 

Reactor power, MW 

I. &lo5 to 2 . 8 ~ 1 0 ~  (20 to 40) 

Not present to present 

a~e ion ized  water quality: conductivity <1 pmho/ml; pH 6 to 
7. Capsule water temperature range: 328 to 352 K (130' to 
170' F. ) 

2 2 b~imensions :  a rea ,  5 cm (0.77 in. ); thickness, 0.0013 cm 

(0.0005 in.); weight, 0.150 g ( 3 . 3 ~ 1 0 - ~  Ib). 
2 C ~ a d m i u m  sulfate solution: 10- molar. 



TABLE II. - TERMS AND COEFFICIENTS OF PREDICTIVE MODELS FOR 

LINEAR RATE OF PRESSURE RISE (EQ. (3))  

-- 

No ccsrelation between variables and observed 
slopes. Hence, no coefficients and no equation. 

x4(x4 = 0. 2(y4)-1. 0000) 

1 var-asae 1 Designation 1 
bxdaater volume, m l  

2 Initial hydrogen, N/m (psia) 
2 Initial oxygen, N/m (psia) 

2 Initial nitrogen, N/m (psia) 
Reactor power, MW 

initial capsule water temperature, K (OF) 

Initial rod bank height, cm (in. ) 

See individual study 

'coding constants apply to pressure in psia and rod bank height in inches. 



estimated. Coefficients with more than one subscript indicate interactions, The E 

represents the error .  The ranges of independent variables a re  given in table 8, 
The terms and coefficients of the predictive models for &, the Linear rate of pres- 

sure  r ise,  a r e  given in table II. The numerical values of the regression coeffieie~ets 
a r e  given sirzee they generally indicate the significance and effect on radiolysis. Adfost 
variables were coded so that the low level of the range was - 1 and the high level was +I- 
The rod bank height and the absolute temperature were coded between +I and +3 over :he 
range described in table I. (The air model used a different coding for oxygen an5 nitro- 
gen to provide a better conditioned matrix. As a result, the algebraic sign of the oxygen 
and niLrogen coefficients do not directly indicate their effect on radiolysis. ) 

The coefficients for equations (1) and (2) for predicting pressure a re  given ii; 

table III. The coefficients were derived using the pressure difference from Pt t o  Po 
3 as the dependent variable and fi multiplied by t, t2, and t a s  the independen: vari- 

ab l e (~ ) .  These models predicted the observed values quite well. (The standard error  

TABLE 111. - TERMS AND COEFFICIENTS O F  EQUATIONS (1) AND (2) 



4 4 2 cf the -1arious short and long term models ranged from 5x10 to 10x10 ~ / m  (7 to 
15 psi), ) 

The models for predicting the rate of pressure r i se  behaved well when tested over 
the range of variables. The size of the sbndard e r ror  was small compared to both 
cornpwad and observed values. (The standard e r ro r  of the mean ranged from 25 to 
54 newtons per square meter - second (0.23 to 0.47 psi/hr) for the various models. ) 
Based on statistical tests  and considerations, these models a r e  statistically significant 
and ars assumed to be valid for use as predictive equations. 

DISCUSSrON OF RESULTS 

Pressure Measurements 

The largest Enear rate of pressure r i se  observed in the pure helium study was 
12- 6 nevRons per square meter - second (0.11 psi/hr). There was no correlation be- 
"ween. the ra~tes of pressure r i se  and the independent variables. Therefore, no equation 
fo? this ease is shown in table 11. The small rates of pressure observed probably re- 
fk et s2gh.t differences in water quality, helium gas purity, and capsule system clean- 
Eress, No significan-k pressure r i se  was recorded during a 228-how irradiation. 
Area B (fig, 1) indicates typical behavior. 

The helium study with air impurity considered only the effects of air (0 to 12 per- 
cent by volwne) and other mi e s  of nitrogen and oxygen in helium. The coefficients 
in table I1 ina2iciEte that nitrogen promotes radiolysis and the temperature and oxygen 
ini%bil the; reactions. (In reality, this effect of nitrogen depends on oxygen also being 
presenr-. ) )The rate of pressure r i se  ranged from 9.9 to 384 newtons per square meter - 
second (0,086 to 3.34 psi/hr) for 0.4 to 12 percent air in helium. Pure nitrogen (12 per- 
cent) in  helium and pure oxygen (7 percent) in helium produced no pressure r i se  in 60 
and 20 nour ilrra&retions, respectively. With air impurity, pressure-time behavior 
ganerally falls into area  A of figure 1. 

The mixtures of hydrogen, oxygen, and nitrogen in helium ranged from 0 to 35 per- 
cent., Coefficients in table II indicate that temperature has a strong negative effect. 
Nitr  sgen and oxygen interacting with temperature also have a strong negative effect. 
The observed Enear slopes had values ranging from 0 to 580 newtons per square meter - 
second (0 to 5 p s i / b ) .  The slope proved to be very predictable when helium purity was 
less than 95 percent. 

The behavior of a l l  treatments in the a i r  study fall into area  A of figure 1. As 
rnentiored earlier, the effects indicated by coefficients in table I1 a r e  not obvious. The 
most a ~ g i f j c a n t  promotor of radiolysis is the high level nitrogen and oxygen interaction. 



Oxygen levels greater than 0 (coded) have a strong inhibitive effect. The obseri)ed rate 

of pressure r ise  ranged from 815 to 590 newtons per square meter - second (I t3 5 - 1  
psi/lhr). The longest irradiation in the program lasted 288 hours. Its behavior IS in- 

dicated well by the upper limit of area  A in figure 1. 

From results of the regression analysis and comparison of treatment .-esnks, ead- 

mium sulfate solution and platinum were without effect in inhibiting ra&o%ysis iri czpsule 
system eqer iments .  Capsule system irradiations also showed pure neon and argon %a 
be equally a s  effective as pure helium in tests  up to 60 hours. 

Gas Composition Measurements 

The most significant observaLion from the gas composition measurements ' i v a , ~  tne 

apparent depletion of nitrogen gas. This fact plus the appearance of higher degree 
terms in the models for oxygen and nitrogen led to an examination of the data ts find the 

source of the ra&olysis problem. 
It is known (ref. 7)  that the irradiation of mixtures of oxygen arnd nitroge? :n a 

nuclear reactor produces oxides of nitrogen: %O, NO, and NO2. We also found that 
the irradiation of either pure nitrogen or pure oxygen produced no gas generi~tisn in 

irradiation tests  lasting up to 36 hours. 
Several nitrogen oxide formation reactions can be postulated to aecouiak lor  .$re de- 

pletion of nitrogen and the appearance of higher degree terms for oxygen and ni~regerl: 

and 

where K represents the equilibrium constant for each reaction. 
eq 

The %O molecule can be drawn in several resonance hybrid f o m s :  



The NO molecule may also be considered in valence bond theory as a resonance hybrid 
(ref, 8): 

wit3  the fozm on the left predominating in the gas phase. The NO molecule is an oddity 
since it 'ias a free unpaired electron. It is postulated that the N 2 0  and NO molecules, 
baea~ise ~f itheir favorable electronic structures, act a s  solutes and become involved in 
the free radical reactions of radiolysis. 

Water decomposition by radiation produces both molecular products and free radi- 
cals. Fast rieutron radiation favors the formation of molecular deeomposition products 
jH2 anJ X202) in adolition to the free radical reactions. The latter is related to the 
presence of g m m a  radiation and thermal neutrons. Free radical reactions can either 
p:omo%e molecular product formation or enhance recombination. The result of the 

(100 Percent N7O) (52 Percent nitroaen and 
48 percent oxygeG 

13 .5x ld  , 

Time, hr 

Figure 2. -Measured pressure rise for  cover gases of N20 and for various 
mixtures of N2-02. 



passage of fast neutrons through water is that groups of free radicals a r e  formed dose 
together along the tracks of the particles. This in effect permits unlike free ~:adicals 

(H and ON) to immediately recombine to form water. However, the N20 a n d / ~ r  b;O 

molecules act as solutes in the irradiated water and may significantly hinder- "Lhe irnrne- 
diate recombination of unlike free radical pairs. The overall effect of these soil-ctes 1s 

that of a free radical scavenger, that is, to pick up free radicals. These sa4.utes may 
even enhance the probability of like radical pair recombination which forms the molec-J- 
Par pr ochct hydrogen and, indirectly, oxygen. 

The assumption concerning nitrogen concentration and N20 and NO effects was 
tested during the course of the experiment treatments. The behavior of these treatments 
can be seen in figure 2. The most significant treatment is 100 percent N20 wherein 
pure N20 was irradiated. The effect of increasing nitrogen concentration is very appar- 
ent. The effect of pure N20 on the rate of pressure r i se  is striking evidence of X-es ux- 

questionable involvement in the radiolysis mechanism. Hence, i t  appeared that eexch- 
sion of mixtures of oxygen and nitrogen should be a satisfactory radiolysis inhibitor fcr 

deionized water (no solutes) in aluminum capsules. A test of this theory was xade. 

PROOF TEST EXPERIMENT 

Pure helium was irradiated in aluminum "rabbits. " The longest irradiation. :asted 

one reactor cycle (14 days). Each rabbit contained 15 milliliters of deionized wzter and 
5 h e E u  cover gas (purity > 99.6 percent) a t  an initial pressure of 3.8X10 newtons per  

square meter (55 psia). After irradiation, each rabbit was punctured to determrne 

pressure and hydrogen, oxygen, and nitrogen content. Irradiation greater than 64 hours 

showed a small hydrogen production and pressure increase. Postirradiation pressares 
5 5 ranged from 4.1X10 to 4.8x10 newtons per square meter (60 to 70 psia). NO gas mix- 

ture had a flammable composition. This "fix" was definitely effective. 

CONCLUDING RUV\ARKS 

It is the opinion of the author that the source of the radiolysis problem in this appli- 
cation is air and the reaction of its radiation induced products with free radicals, The 
"fixl'using helium should be equally effective with any container material that does not 
react  chemically with deionized water introducing solutes. Furthermore, the fix should 
be effective for larger volumes as well. Based on this reasoning, the use sf pure h e k m  

in a larger inpile aluminum system is planned at the Plum Brook Reactor. 



SUMMARY OF RESULTS 

The esqel-irnent program to investigate radioly sis of water in a l u m i n u  capsules 
prs3ucca the following results: 

1, &edictive equ;ltions a r e  given for the rate of pressure r i se  due to the ra&olysis 
of v~2 ie r  iv the presence of air ,  or in the presence of helium cover gas containing a i r  as 
an ~ r n p t r i t y  0.8- rnixhjlres of hydrogen, oxygen, and nikogen a s  impurities. 

2 ,  P ~ r e  inert gases, specifically helium, a r e  shown to be satisfactory radiolysis 
inhr birors. 

3. The exclusion of a i r  or mixtures of nitrogen and oxygen will prevent radiolysis 
0; deioielzed water in aluminum. 

Levis Research Center, 
Natj anal- Aer onautics and Space Administration, 

Cleveland, Ohio, August PO, 1971, 
122- 29. 
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